SWEET genes are a recently identified plant gene family that play an indispensable role in sugar efflux. However, no systematic study has been performed in pear. In this research, 18 SWEET transporters identified in pear, almost twice the number found in woodland strawberry and Japanese apricot, were divided into four clades. Conserved motifs and six exons of the SWEET transporters were found in six species. SWEET transporters contained seven transmembrane segments (TMSs) that evolved from an internal duplication of an ancestral three-TMSs unit, connected by TMS4. This is the first direct evidence identifying internal repeats through bioinformatics analysis. Whole-genome duplication (WGD) or segmental duplication and dispersed duplication represent the main driving forces for SWEET family evolution in six species, with former duplications more important in pear. Gene expression results suggested that PbSWEET15 and PbSWEET17 have no expression in any tissues because of critical lost residues and that 62.5% of PbSWEET duplicate gene pairs have functional divergence. Additionally, PbSWEET6, PbSWEET7 and PbSWEET14 were found to play important roles in sucrose efflux from leaves, and the high expression of PbSWEET1 and PbSWEET2 might contribute to unloading sucrose from the phloem in the stem. Finally, PbSWEET5, PbSWEET9 and PbSWEET10 might contribute to pollen development. Overall, our study provides important insights into the evolution of the SWEET gene family in pear and four other Rosaceae, and the important candidate PbSWEET genes involved in the development of different tissues were identified in pear.
Introduction
Sugars are the predominant energy and carbon source for both eukaryotes and prokaryotes (Walmsley et al. 1998) , as well as key signaling molecules for normal growth in higher plants (Rolland et al. 2006) . Sugars are produced in the mesophyll cells of leaves, or source organs, and then transported to heterotrophic cells such as seeds, roots and fruits. Source to sink transport of sugar is crucial for plant development (Lemoine et al. 2013) , and organisms have found ways to facilitate the passage of sugars across cellular membranes and to control sugar efflux and influx depending on demand and supply. Over the past 20 years, sugar transporter (ST) gene families have been extensively studied in higher plants (Aoki et al. 2003 , Johnson et al. 2006 , Buttner 2007 , Johnson and Thomas 2007 , Afoufa-Bastien et al. 2010 , Reuscher et al. 2014 .
Recently, a novel class of ST, named SWEET, was identified in Arabidopsis (Chen et al. 2010 ). AtSWEET11 and AtSWEET12 were subsequently identified as important genes for phloem loading and pollen nutrition ; it was shown that AtSWEET17 can regulate sugar content in leaves (Guo et al. 2014) . Recently, AtSWEET9 was subsequently identified as an essential gene for nectar secretion (Lin et al. 2014) , and ZmSWEET4c plays an important role in seed filling . Additionally, the SWEET gene family has been widely identified and analyzed in higher plants, including Arabidopsis, rice, soybean, tomato, grape, apple and sorghum (Chen et al. 2010 , Yuan and Wang 2013b , Chong et al. 2014 , Wei et al. 2014 , Patil et al. 2015 , Mizuno et al. 2016 . Homologs of SWEET in prokaryotes are capable of transporting sugars and contain three transmembrane segments (TMSs). Seven TMSs with two distinct repeated units of three TMSs and a connecting fourth TMS were inferred in Arabidopsis (Xuan et al. 2013) . However, the molecular evolution and functional characteristics of SWEET family genes in Rosaceae species is still largely unknown.
For gene family evolution, a major mechanism to generate new models for evolutionary innovation in eukaryotes is gene duplication (Ohno 1970, Lynch and Force 2000) . The increasingly fast pace of genome sequencing has shown that most genes are members of gene families, which evolve via repeated episodes of small-scale (such as tandem gene duplication) and large-scale [such as whole-genome duplication (WGD) and segmental duplication] gene duplication events (Maere et al. 2005) . Almost all land plant genomes appear to have experienced at least one WGD, with a proposed WGD in the ancestor of all angiosperms and another in the ancestor of all seed plants (Jiao et al. 2011 , Amborella Genome Project 2013 . Following the genome sequencing of five Rosaceae species, ancient WGD events were identified. A more recent WGD event could be dated to approximately 40 million years ago (Mya) in apple and pear, but not in peach, woodland strawberry or Japanese apricot (Velasco et al. 2010 , Shulaev et al. 2011 , Zhang et al. 2012 , International Peach Genome et al. 2013 ). Small-scale gene duplication events such as tandem duplication or dispersed duplication can also play important roles in gene family expansion (Taylor and Raes 2005) .
Following duplication, duplicated gene pairs can have different fates. Until now, three main hypotheses have been proposed: neofunctionalization (the function of daughter copies is diversified) (Blanc and Wolfe, 2004) , subfunctionalization (the original function is subdivided between daughter copies) and non-functionalization. Subfunctionalized daughter copies with transcriptional divergence across cell types or tissues are expected to undergo purifying selection (Ka/Ks < 1; Cusack and Wolfe 2007), whereas non-functionalized daughter copies undergo positive selection (Ka/Ks > 1; Force et al. 1999) . Genetic mutations affect gene expression or protein function. In addition, gene expression divergence between duplicate genes is an important driver of morphological change in organisms (Ohta 2003 , Jiménez-Delgado et al. 2009 ). Morphological observations and a wide range of gene expression data in Arabidopsis have indicated that differential expression patterns among duplicate gene pairs partly contribute to plant developmental diversification (Hanada et al. 2009 ). However, the study of SWEET duplicate gene pairs of pear has also been very limited.
Pear is the third most important commercial fruit after grape and apple, cultivated around the world in temperate zone countries. Due to its agricultural prominence, the pear genome and the transcriptome of fruit development ('Dangshansuli') were recently sequenced , as well as the proteome of fruit development (Li et al. 2015a) , laying a solid foundation for genome-wide analysis of SWEET genes in pear. The objectives of this study are to define the SWEET gene family in pear and compare it with other Rosaceae species and Arabidopsis, to identify the phylogenetic relationships among different species, to estimate divergence times of gene duplication events and provide novel evidence of molecular evolution. The results of this study shed light on the conserved structure, wide expansion and significant expression divergence of SWEET gene family members in pear (Pyrus bretschneideri Rehd), which will facilitate a better understanding of the molecular evolution and function of SWEET transporters in pear, while also providing a profound reference for other species.
Results
Phylogenetic analysis divides SWEET transporters of pear and other species into four major clades
In total, 18 SWEET transporters were identified in pear, 25 in apple, 11 in Japanese apricot, 10 in woodland strawberry and 17 in peach, with strict filtering and manual curation (Supplementary Table S1 ). The SWEET genes from these five species were renamed as PbSWEET1-PbSWEET18, MdSWEET1-MdSWEET25, PmSWEET1-PmSWEET11, FvSWEET1-FvSWEET10 and PpSWEET1-PbSWEET17, respectively (Supplementary Table S2 ). The numbers of SWEET genes in pear and apple were more than in woodland strawberry and Japanese apricot, indicating a greater expansion in the SWEET gene family of pear and apple. This could be due to the recent common WGD event ($40 Mya) that occurred in apple and pear, but not in woodland strawberry or Japanese apricot (Shulaev et al. 2011 , Zhang et al. 2012 ). However, 17 SWEET genes were identified in peach, despite the lack of the recent WGD, which indicated that other duplication modes might contribute to the expansion of PpSWEET genes.
To explore the evolutionary relationship of SWEET genes in Rosaceae species, all identified SWEET proteins from the genomes of five Rosaceae species (81 SWEET genes) were aligned with the 17 AtSWEET genes and HsSWEET1. AtSWEET genes have been identified in Arabidopsis, and were described as the sugar transporter playing an important role for plant growth and development. HsSWEET1, the only copy found in humans, could transport glucose (Chen et al. 2010) . Taking into account the bootstrap values and topology of the phylogenetic tree (Fig. 1A) , four clades were defined in six species (clades I-IV) and one separate clade for Homo sapiens (clade V). Each plant clade contained at least one AtSWEET. Finally, we named the different clades of five Rosaceae species according to the Arabidopsis nomenclature.
Pairwise comparisons of the 99 full-length SWEET protein sequences revealed some notable features. All clade I SWEETs showed >23.2% pairwise sequence identity, and SWEETs in clade II, clade III and clade IV showed pairwise sequence identity >47.8, 14.9 and >50.6%, respectively. A boxplot result showed that protein sequence identities of clade IV were higher than those of clade I, II and III SWEETs (Fig. 1B) , indicating that the degree of sequence divergence among clade I, II and III was higher than that among clade IV. Additionally, clade III in the boxplot had more outliers than clades I, II or IV, indicating that SWEET transporters in clade III are ancient and have greater diversity. An independent sample MannWhitney U-test revealed that the protein sequence identities within interclades were higher than that of intraclades (Supplementary Table S4 ), possibly because of a long process of evolution generating a great deal of differentiation between the clades.
Sequence feature analysis reveals highly conserved exon-intron structure and motifs in pear and other species
In order to better understand the sequence and structure characteristics of SWEET genes, the Multiple EM for Motif Elicitation (MEME) software was used to confirm and predict conserved domains for SWEET protein sequences of six species ( Supplementary Fig. S1 ). A total of 20 distinct motifs were identified, which could match the SWEET cladding pattern in the phylogenetic tree. Interestingly, all SWEET proteins have similar conserved motifs, with motifs 1, 2, 3, 4, 5, 6 and 7 detected in almost all SWEET proteins, suggesting they are necessary for the SWEET proteins.
Secondly, the exon-intron organization of different SWEET genes was examined, and it was found that most SWEET genes contained six exons, with a few SWEET genes only containing four or five exons ( Supplementary Fig. S2 ). According to the exon-intron display, the first two exons were both very short for the SWEET genes, which have four exons, and might be easily lost over evolution. In order to determine if SWEET genes with four exons have lost the first two exons, the exon-intron structures of AtSWEET8 (with six exons) and PbSWEET16 (with four exons; Supplementary Fig. S3 ) were chosen for comparison. The results proved that SWEET genes with four exons have lost the first two exons. Additionally, the exon-intron structures of some SWEET genes have five exons; in order to determine how this happened, AtSWEET8 and FvSWEET7 were chosen for comparison; the results showed that the SWEET genes sharing five exons have lost the first intron ( Supplementary Fig. S4 ) during evolution. However, almost all SWEET genes contained six exons, suggesting well-conserved exon numbers in different species.
The membrane topology of SWEET proteins was well conserved and an internal repeat occurred in pear and other species Besides the gene structure evaluation, we further analyzed the membrane topology of SWEET proteins ( Fig. 2A) . The Average Hydropathy, Amphipathicity and Similarity (AveHAS) plot revealed seven well-conserved peaks of hydrophobicity with a moderately amphipathic nature (TMS1-TMS7 in Fig. 2A ), as expected because previous studies have revealed that most SWEET members consist predominantly of seven TMSs proteins. However, the linkers between any two TMSs were not as well conserved as the TMSs. Additionally, we performed repeat analysis with the HHrep program on the sequences of all SWEET transporters in six species. The presence of duplications in the seven TMSs of SWEETs was demonstrated in Fig.  2B , which showed that TMS1-TMS3 and TMS5-TMS7 were located in the duplicated regions, indicating that SWEET transporters evolved from an internal duplication of ancestral threeTMSs units connected by TMS4.
Finally, to gain more insight into the function/structural features of SWEETs, multiple alignment of the SWEET family proteins was further used to identify the conserved amino acid residues. Three residues (Y, P and D) were fully conserved in all proteins (Fig. 2C) , including five Rosaceae species and Arabidopsis, suggesting that those fully conserved amino acid residues may play key roles for SWEET function. Additionally, many residues were also generally conserved, with some exceptions. Interestingly, we found that TMS1-TMS3 were included in the first MtN3/saliva domain, and TMS5-TMS7 were included in the second MtN3/saliva domain.
WGD/segmental duplication represents the main driving force for SWEET gene family expansion in pear
To elucidate the origin of SWEET gene family expansion in six species, different duplication modes were analyzed. Duplication was found in all predicted SWEET genes, and the dispersed and WGD/segmental duplications were the main modes (Fig. 3) . Interestingly, for pear, about 33.3% (six out of 18) SWEET genes were involved in dispersed gene pairs, while 50% (nine out of 18) of SWEET genes were involved in WGD/segmental duplication. However, dispersed gene duplication plays a more important role during SWEET gene family expansion, as it accounts for 44% (11 of 25), 54.5% (six out of 11), 60% (six out of 10), 52.9% (nine out of 17) and 47% (eight out of 17) of SWEET genes in apple, Japanese apricot, woodland strawberry, peach and Arabidopsis, respectively. The result indicated that WGD/segmental duplication plays a more important role for SWEET family expansion in pear, and the dispersed duplications occurred more frequently in the other five species. In addition, we found that the duplication mechanism in apple was very complex. All five duplication modes contributed to expansion of MdSWEET genes (Fig. 3) , and the MdSWEET genes that evolved from WGD/segmental duplication were similar to those of pear. Additionally, we found that the dispersed duplication events in peach were more than those in woodland strawberry and Japanese apricot, explaining the greater number of SWEET genes in peach than in strawberry and Japanese apricot.
Good collinearity relationships were found between pear and the other five species
The distribution of the SWEET genes on the chromosomes in six species was analyzed, with 15 out of 18 PbSWEET genes in pear distributed throughout the 17 chromosomes. Chromosome 2 (three PbSWEET genes) and 10 (four PbSWEET genes) had more SWEET genes than the others (Fig. 4A) . Of 17 chromosomes, eight did not contain any SWEET genes (Fig. 4A) . Additionally, the collinearity relationships of SWEET genes between pear and the other four Rosaceae species and Arabidopsis were analyzed to investigate potential evolutionary mechanisms, and good collinearity was detected. In order to verify the reliability of our results, both end sequences of PbSWEET6, MdSWEET3, AtSWEET8, AtSWEET4, PpSWEET15, PpSWEET6, PmSWEET10, PmSWEET8 and FvSWEET9 were analyzed as an example, and it was shown that the genes located at the ends of PbSWEET6 had good collinearity relationships with genes at the ends of AtSWEET8, AtSWEET4, PpSWEET15, PpSWEET6, PmSWEET10, PmSWEET8 and FvSWEET9. This further verified the rigor of our previous analysis, although only one duplicate was found between PbSWEET6 and MdSWEET3 (Fig. 4B) .
History of SWEET gene duplication reveals that large-scale expansion in pear and other species started in the Neoproterozoic period Gene duplicate divergence time estimation revealed that protogenes of each SWEET clade were present in the plant lineage at least as far as back as the Mesoproterozoic (Fig. 5) . Clade I started to diversify about 1,099 ± 128 Mya, and experienced duplication events until near the Paleozoic period. Clade II also started to diversify in the Mesoproterozoic ($1,094 ± 136 Mya), with at least one duplication occurring in the Neoproterozoic ($983 ± 127 Mya). Clade III of SWEET genes started to diversify at the earliest at the Stenian of the Mesoproterozoic ($1,158 ± 132 Mya), when trace fossils of the sample plants of Cyanobacteria and Phaeophyta appeared. By the start of the Mesoproterozoic, three ancestral SWEET genes were present in clade III, and one ancestral SWEET gene was diversifying into three in apple, peach and Japanese apricot in the early Mesozoic period (MdSWEET8, PpSWEET3 and PmSWEET4). The SWEET genes of clade IV began to diversify relatively late in the Neoproterozoic period ($832 ± 154 Mya), after the other three clades in plants. This clade has fewer members than other clades, at only 10. Large-scale expansion thus began in the Neoproterozoic period, and continued through the Paleozoic, Mesozoic and Cenozoic periods (543-0 Mya). From our analyses, each clade could be dated back to an ancient origin before the divergence of animals and plants. This long evolutionary history has allowed a great deal of SWEET sequence divergence through mutations, explaining low bootstrap values in the phylogenetic tree.
Functional divergence between duplicated SWEET genes in pear
Usually, duplicated gene pairs are predicted to have similar expression patterns. To test the degree of expression diversity between duplicate SWEET genes of pear, we calculated their expression correlations. Finally, only two duplicate gene pairs were found to be non-divergent (PbSWEET4-PbSWEET6 and PbSWEET9-PbSWEET10), and five duplicate gene pairs were divergent. However, no duplicate SWEET gene pairs are ongoing divergent ( Table 1 ). In addition, branch site model analysis indicated no significant positive selection on codon sites of any duplicate SWEET gene pairs (data not shown), suggesting 62.5% (five out of eight) SWEET duplicate gene pairs with functional divergence. Additionally, most of the SWEET genes that appear arose through WGD/segmental duplication. Based on the divergence time analysis, we found that most duplication gene pairs were very old and divergent; however, the younger duplication pairs were non-divergent ( Table 1) . The long evolutionary history allowed many mutations, although the structure of SWEET in plants was very conserved. Summarizing the above analysis, significant functional divergence was found in pear SWEET duplication genes. 
Expression characteristics of SWEET genes in different tissues of pear
In order to characterize the SWEET gene functions in pear, gene expression was profiled in different tissues and different time points of fruit development, to reveal the PbSWEET genes potentially responsible for sucrose efflux from the leaf and influx to the pear fruit and other important tissues. Out of 18 PbSWEET genes, expression of 16 was detected at different levels in different tissues, with the exception of PbSWEET15 and PbSWEET17 (Fig. 6) . For PbSWEET15 and PbSWEET17, we also checked the expressed sequence tag (EST) database of 'Dangshansuli', and designed new primer pairs for each; however, still no expression was detected in the EST database and by quantitative real-time PCR (qRT-PCR) analysis. Interestingly, the multiple alignment results indicated that both PbSWEET15 and PbSWEET17 lost the TMS3 domain; furthermore, their orthologous genes FvSWEET10 and MdSWEET23 also showed lack of the TMS3 domain and no expression can be detected in different tissues and fruit developmental stages (Fig. 2C) . In addition, we also checked the promoter sequence of all SWEET genes in six plant species, and could not find any regulator elements having been inserted or deleted in the promoter region of four SWEET genes compared with other normally expressed SWEET genes. However, we found that all four SWEET genes contained a coherent deoxyadenylic acid at the 3 0 -untranslated region (3 0 -UTR), which was consistent with the characteristic of pseudogenes. All these pieces of evidence supported that these four SWEET genes were pseudogenes and have already lost function in pear, apple and strawberry.
As shown in Fig. 6 , some PbSWEET genes have high expression in particular tissues or developmental stages of fruit. For example, PbSWEET5, PbSWEET9 and PbSWEET10 were highly expressed in pollen, PbSWEET16 and PbSWEET18 had high expression in petal, and PbSWEET3 was highly expressed in receptacles, while PbSWEET6, PbSWEET7 and PbSWEET14 were highly expressed in leaves, indicating that different PbSWEET genes may play important roles for tissue development. During pear fruit development, PbSWEET5 was detected as down-regulated, and showed a negative correlation with sucrose levels, indicating that PbSWEET5 may play a crucial role for sucrose efflux and regulate the sugar content in fruit. Also, the expression of two PbSWEET genes (PbSWEET9 and PbSWEET10) was detected at a higher level at 10 days after full bloom (DAFB) than at other stages, suggesting that they may contribute to the early development of fruit.
Discussion
Identification and phylogenetic analysis of the SWEET gene family in pear
In this report, 18 SWEET genes were identified in pear, and 25, 11, 10 and 17 SWEET genes in apple, Japanese apricot, woodland strawberry and peach, respectively (Supplementary Table S1 ), similar to in Arabidopsis, rice, grape and tomato (Chen et al. 2010 , Yuan and Wang 2013b , Chong et al. 2014 . However, 52 SWEET genes were identified in soybean; additionally, Patil et al. (2015) identified 17 and 34 SWEET genes in woodland strawberry and apple, respectively, higher than the woodland strawberry and apple SWEET numbers in our research, possibly due to the different methods used. In the previous study, the only query sequence was AtSWEET11, while other researchers used whole gene family protein sequences and nucleotide sequences of Arabidopsis (Gold et al. 2014 , Jourda et al. 2014 ). In addition, the Pfam and Simple Modular Calibrated phylogenetic tree with gene duplicate divergence time estimates for four SWEET homolog clades. The calibrated phylogenetic tree was estimated using the ML method. The calibration point is indicated by a red square: fungal-plant-animal divergence at about 1,576 Mya. Different colors represent different periods, and the five clades are labeled on the right of the calibrated phylogenetic tree. Gene duplications and losses are inferred following reconciliation with species phylogeny using the Notung-2.6 software (Vernot 2006) . The black square indicates a duplication event; the green label indicates genes that were lost.
Architecture Research Tool (SMART) websites were also used to test each protein for the gene function domain (Yang et al. 2013 , Chong et al. 2014 , Hussey et al. 2015 , Li et al. 2015b , so the number of SWEET gene family members here is more accurate.
All SWEET genes were organized into four clades defined in plants and one clade defined in non-plants, based on the bootstrap values and topology of the phylogenetic tree (Fig. 1A) . The observed differences between different clades might be associated with different biological functions. Among them, clade III genes appear to be predominantly sucrose transporters, whereas clade I, II and IV SWEETs transport predominantly hexose, although some SWEETs in clade III also can transport hexoses (Feng and Frommer 2015) . Further functional exploration of genes for different clades is still needed.
The evolutionary histories of SWEET transporters have slight differences among different species
Previous research indicated that identification of duplicate genes retained after WGD may be challenging (Van de Peer 2004) . Synteny would be lost after many rearrangements of the pear genome via two WGDs ) and fractionation, complicating the detection of the gene pairs. As this makes it difficult to separate potential segmental duplications from WGD gene pairs, we did not distinguish between the two. For pear, 45 and 26% of pear genes result from WGD/segmental duplication and dispersed duplication, respectively (Qiao et al. 2015) , indicating that WGD/segmental and dispersed duplication were the main sources of duplicate genes. In this research, the SWEET gene family was found to have WGD/segmental and dispersed duplication as a common evolutionary mechanism in six species. However, WGD/segmental duplication plays a more important role in pear, while dispersed gene duplication was the main driving force during SWEET gene family expansion in the other five species (Fig. 3) , indicating differences between species. In addition, previous studies at the genome scale have indicated that members of a gene family may have common non-random patterns of origin, with conserved patterns in different species (Rodgers-Melnick et al. 2011 , Wang et al. 2011 ). However, our finding suggested that the main duplication modes of the same gene family in different plant species were not always strictly conserved, but have common non-random patterns in different origins.
Direct evidence for internal repeats of SWEET transporters and identification of important functional residues
The evolution of the SWEET proteins through duplication and fusion from smaller fragments has been the subject of intense discussion. Evolutionary scenarios of SWEET evolution via duplication and fusion with insertion of TMS4 have been tested in detail, but evidence has still been limited (Chen et al. 2010 , Xuan et al. 2013 . In this study, we carried out careful bioinformatics analyses to explain the evolution of SWEET gene. We performed repeat analysis with the HHrep program on the sequences of all 98 SWEETs, and demonstrated the presence of duplications in the seven TMSs. The results showed that TMS1-TMS3 and TMS5-TMS7 were all located in the duplication regions. It was noteworthy that the conserved three-TMSs unit can be superimposed onto the SWEET proteins (Fig. 2B) . The structure of SWEET proteins evolved from an internal repeat duplication of an ancestral three-TMSs unit, and fusion with insertion of TMS4 (Xuan et al. 2013) , even though the duplication region of three-TMSs was not continuous in SWEET (Fig. 2B) . This could be because of the low conservation between any two well-conserved TMSs, and that the sequence of links has changed during the long course of evolution.
The result of multiple alignments showed that three fully conserved residues (Y, P and D) were located in the TMS2, TMS5 and TMS7 (Fig. 2C) , respectively. For three fully conserved residues (Y, P and D), one mutation (Y 57 A) has been confirmed that could lead to a loss of transport in Arabidopsis (Xuan et al. 2013) . Prolines are also important residues in transporters to create specific shapes of TMSs by introducing kinks, and allow for dynamic processes during the transport cycle (Deber and Therien 2002) . We suggested that the three fully conserved residues (Y, P and D) might play important roles in SWEET function and activity. Xuan et al. (2013) also confirmed that another mutation (G 58 D) dramatically inhibited wild-type AtSWEET1 activity. However, in this study, this residue near the fully conserved Y was not well conserved in all SWEET proteins. The residue G in PbSWEET1, PbSWEET2, PbSWEET4, PbSWEET5 and PbSWEET6 had changed to alanine (A), but their transport activity was not inhibited. This result has been confirmed by RNA-seq (data not shown) and qRT-PCR analysis (Fig. 6) . Interestingly, as a domain inversion, the TMS4 linker was not annotated as an MtN3/saliva domain (Fig. 2C) , but was still necessary for SWEET transporter activity (Xuan et al. 2013) .
Expression of SWEET genes in pear suggests possible roles in leaves and balance of sucrose in fruit
SWEET genes play diverse functional roles in different tissues and during fruit development, as is evident from their expression patterns in other plant species (Baker et al. 2012 , Verdier et al. 2012 , Yuan and Wang, 2013a , Eom et al. 2015 . From an applied perspective, the identification of SWEET genes with potential value would benefit from further analysis. The qRT-PCR expression profiles generated in our research revealed different expression patterns for each SWEET gene, providing an important resource for future SWEET gene functional and expression analyses. SWEET genes were more highly expressed in pollen, seeds, flower and embryo sac in Arabidopsis and rice, indicating that they may play important roles during reproductive tissue development (Chu et al. 2006 , Guan et al. 2008 , Chen et al. 2010 , Yuan and Wang 2013a . Here, PbSWEET6, PbSWEET7 and PbSWEET14 were extremely highly expressed in the young and mature leaf (Fig. 6) , and PbSWEET6 was grouped in the same clade with AtSWEET11, AtSWEET12 and AtSWEET15. It has been reported that AtSWEET11 and AtSWEET12 play crucial roles in sucrose efflux in leaves , and AtSWEET15/SAG29 is strongly induced in senescing leaves, presumably to transport carbon reserves before tissue death (Quirino et al. 1999) . Therefore, we deduced that PbSWEET6 plays crucial roles in the sucrose efflux from young and mature leaves of pear. However, PbSWEET7 and PbSWEET14 were grouped in clade II and clade I (Fig. 1A) , respectively, indicating that the SWEET genes in clade I and clade II also had the function of sucrose efflux in leaves. Next, we examined the SWEET genes potentially responsible for sucrose accumulation in the stem. PbSWEET1 and PbSWEET2 were detected with higher expression in the stem than other genes (Fig.  6) , which might contribute to the unloading of the sucrose from the phloem to the stem. Although PbSWEET1 and PbSWEET2 expression was diverse in various tissues of pear, this phenomenon indicated that these two PbSWEET genes have common roles in different tissues. We also examined SWEET function in the pollen. Based on the qRT-PCR result, PbSWEET5, PbSWEET9 and PbSWEET10 were extremely highly expressed in the pollen, and located in the same clade with AtSWEET1. In a previous study, AtSWEET1 was suggested to play an important role in pollen nutrition and pollen tubes (Chen et al. 2010) , which suggested that theses genes might play similar roles in pollen nutrition and pollen tubes. The effect of SWEETs on sucrose accumulation in fruit is limited. So, PbSWEET expression during pear fruit development was analyzed with the aim of finding a candidate gene for further analysis. We found that PbSWEET5 has a negative correlation with sucrose levels during pear fruit development (Fig. 6) , suggesting that it may play an important role in the balance of sucrose levels during fruit development, and provides a new research direction for the SWEET gene function in pear fruit.
A model for sucrose transport from source to sink tissues
As a whole, according to the expression patterns of PbSWEET genes in different tissues of pear, we propose a hypothetical model for sucrose transport from leaf to the fruit and other important tissues. As shown in Fig. 7 , when the sucrose is produced in the leaf through photosynthesis, PbSWEET6, PbSWEET7 and PbSWEET14 contribute to the efflux of sucrose from the leaves, and then PbSWEET1 and PbSWEET2 contribute to unloading the sucrose from the phloem in the stem. Finally, the sucrose will be transported to the fruit and other important tissues during growth, while for sucrose unloading into the flowers, PbSWEET5, PbSWEET9 and PbSWEET10 play an important role for pollen development. When unloaded into the fruit, the PbSWEET5, PbSWEET9 and PbSWEET10 will transport the sucrose and contribute to fruit development.
Materials and Methods

Data sources and sequence retrieval
We used multiple steps to identify the sequences of potential SWEET genes from Rosaceae species. The pear sequences with genome annotation were downloaded from the pear genome project (http://peargenome.njau.edu.cn), and the other four Rosaceae sequences were obtained from the Genome Database for Rosaceae (GDR; http://www.rosaceae.org). Arabidopsis sequences were downloaded from Phytozome 10.3 (http://phytozome.jgi.doe.gov). Finally, the HsSWEET gene was downloaded from the NCBI (http://www.ncbi.nlm.nih. gov). A search for all SWEET genes in the five Rosaceae species and Arabidopsis was performed using the hidden Markov model (HMM). An hmmsearch in the HMMER software was used to identify all SWEET gene family members in five Rosaceae species and Arabidopsis, with a threshold e-value of <1e
-5
. The HMM profile of the MtN3/saliva domain (PF03083) obtained from the Pfam database (http://http://pfam.xfam.org) was used against the local protein data sets of Rosaceae species and Arabidopsis. Pfam and SMART (http://smart.embl-heidelberg.de) further confirmed the obtained sequences. Subsequently, sequence lengths too long or short and/or with obvious errors were deleted manually.
Phylogenetic tree reconstruction and estimation of gene duplicate divergence times
Full-length protein sequences of SWEET gene products were aligned via MUSCLE with default parameters. The best substitution model of all SWEET genes in this study was determined by Model Generator software, and it was found that the JTT method was the best fit for SWEET genes. Maximum likelihood (ML) phylogenetic analysis was performed using PHYML version 3.0 with 100 bootstrap replicates. Finally, phylogenetic trees were visualized via the Figtree program (http://tree.bio.ed.ac.uk/software/figtree). The gene duplicate divergence times were estimated on nucleotide sequences using ML with a local clock model in MCMCtree in PAML, and the independent rates model was applied to calculate the prior of rates among internal nodes. Additionally, all full-length protein sequences of six plant species and HsSWEET1 were used for pairwise comparison analysis by BLASTP software.
Gene structure analysis and identification of conserved protein motifs Intron-exon distribution was analyzed by the online Gene Structure Display Server (GSDS; http://gsds.cbi.pku.edu.cn/index.php) and the MEME (http:// meme-suite.org/) website for conserved protein motif analysis (Bailey et al. 2015) by the following parameters: expect motif sites to be distributed in sequences, zero or one per sequence; maximum number of motifs, 20; minimum motif width, 6; maximum motif width, 50; maximum number of sites, 300.
Analyses of topological and internal repeats
For topological analyses, multiple alignments of all homologous proteins were created by the Clustal X program. A method for estimating topological conservation used AveHAS (Zhai and Saier 2001) to generate average hydropathy, amphipathicity and similarity plots based on inputting the multiple alignment files generated by the Clustal X program. In addition, HHrep (http://toolkit. tuebingen.mpg.de/hhrep) was used for de novo identification of internal repeats in protein sequences (Söding et al. 2006) , which is based on the pairwise comparison of profile HMM was used for analyzing the internal repeats of SWEET gene family in five Rosaceae species and Arabidopsis.
Identification of gene duplication modes, chromosomal locations, collinearity and molecular evolution analyses
The duplication pattern for each SWEET gene was identified by all-vs.-all BLASTP search within each of the five Rosaceae species genomes, keeping the top five hits with an e-value cut-off of 1e -5 , respectively. The BLAST search outputs were imported into MCScanX software (http://chibba.pgml. uga.edu/mcscan2/) and all proteins were classified into various types of duplications including tandem, WGD or segmental, dispersed and proximal under a default criterion. When the pairs of genes in two segmental regions are collinear gene pairs, we considered the gene pairs as WGD or segmental duplication gene pairs. Tandem duplications were considered when two duplicated genes were consecutive in the genome, and the proximal duplications were considered when two duplicated genes were separated by 20 gene loci.
The chromosomal location information of SWEET genes was obtained from five Rosaceae species and Arabidopsis genome annotation documents.
For collinearity analysis among five Rosaceae species and Arabidopsis genomes, a method similar to that developed for the Plant Genome Duplication Database (PGDD; http://chibba.agtec.uga.edu/duplication/) was conducted locally. As described above, BLASTP was performed to search for potential homologous gene pairs in any of five different Rosaceae species and Arabidopsis genomes (cut-off of 1e -5 , top five matches); after this step, potential homologous gene pairs were used as the input for MCScanX to identify collinearity chains. Finally, the resulting collinearity chains were evaluated via a procedure in ColinearScan with an e-value cut-off of 1e -10 .
Expression correlation of duplicate SWEET genes
Expression profiles of duplicate SWEET genes were manually gathered from our qRT-PCR results. The similarity between the expression profiles of each duplication pair was evaluated using Pearson's correlation coefficient. We suggested significant values to verify the degree of expression diversity: i.e. r < 0.3 for divergence, 0.3 r < 0.5 for ongoing divergent and r ! 0.5 for non-divergence (Blanc et al. 2004 , Yim et al. 2009 ). 
RNA isolation and cDNA synthesis
In this study, the plant tissues were sampled from stem, young leaf, mature leaf, pollen, pistil, receptacles, petal and pear fruit development (10, 30, 50, 70, 90, 130, 150 and 170 DAFB) . Total genomic RNA of all different tissues was extracted according to the cetyltrimethyl ammonium bromide (CTAB) method, following the protocol described in previous research (Gasic et al. 2004) . The genomic DNA contamination in total genomic RNA of different tissues were removed by DNase I (Invitrogen), and then 1 mg of RNA of different tissues was used for first-stand cDNA synthesis through a Rever Tra Ace-alpha-First Strand cDNA Synthesis Kit (TOYOBO Biotech Co. Ltd.), following the manufacturer's protocol.
qRT-PCR expression analysis of PbSWEET genes
The primers of all SWEET genes in pear used for amplifying were designed by Primer Premier 6.0, and then we blasted back to the genome database to make sure the primers were all gene specific; all primers are listed in Supplementary Table S3 . In our research, the LightCYcler 480 (Roche) was used for qRT-PCR analysis and amplification, and all reactions were performed by the LightCycler 480 SYBR GREEN I Master (Roche) according to the manufacturer's protocol. Each reaction mixture contained 10 ml of LightCycler 480 SYBR GREEN I Master, 0.4 ml of each gene-specific primer, 1 ml of diluted cDNA and 7.4 ml of nuclease-free water. All reactions were run as duplicates in 96-well plates. qRT-PCRs were as follows: initial denaturation at 95 C for 10 min, and then 40 cycles of denaturation at 94 C for 15 s, annealing at 60 C for 30 s, extension at 72 C for 30 s, and final extension at 72 C for 3 min, and reading the plate for fluorescence data collection at 60 C. Amplification was followed by a melting curve analysis with continual fluorescence data acquisition from 60 to 95 C melt. The Pyrus Tubulin and Graph genes were used as a control for fruit development and different tissues. Finally, the average threshold cycle was calculated per sample, and the relative expression levels were calculated with the 2 -ÁÁCt method descripted by Livak and Schmittgen (2001) . For our research, each reaction was repeated three times and three independent analyses showed the same trends for each gene in different tissues and fruit stages.
Supplementary data
Supplementary data are available at PCP online.
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